The spermatogonial stem cells (SSCs) 
Introduction

Spermatogenesis is a cyclic, well-organized and continuous process of male germ cell proliferation and differentiation that generates ~100 million sperm each day in adult males
 [1] [2] [3] 
. It starts at puberty and is maintained until death. It takes place within the seminiferous tubules, which contains a mixture of germ cells and Sertoli cells. The Sertoli cells play a nursing role for germ cells as well as coordinate during events of spermatogenesis
. (Fig. 1B) [5, 6] [7] [8] [9] [10] [11] [12] [13] [14] .
Spermatogenesis starts with a small number of spermatogonial stem cells (SSCs) that reside at the base of seminiferous tubules of the testes, which undergo self-renewal division, proliferation and differentiation to produce sperm. A single SSC by self-renewing division can produce two stem cells, by asymmetric division they can produce one stem and one differentiating, or undergo a symmetric/differentiating cell division that results in two differentiated cells (Fig. 1A). Most of the diploid germ cells and differentiating spermatogonia undergoes several rounds of mitotic divisions before they enter into meiotic phase and later differentiated to become haploid spermatids that subsequently transformed into mature spermatozoa in about 35 days in the mouse and 64 days in the human being
. It is well established that SSCs are responsible for the transmission of genetic information from an individual to the next generation. Besides transmitting the genetic information to the next generation, recent studies have demonstrated that both murine as well as human SSCs can be reprogrammed into embryonic stem (ES)-like cells that can further differentiate into derivatives of all three germ layers
Under normal conditions, the SSCs occasionally self-renew, however, in response to damage such as chemicals or radiation they can divide frequently [4, 15, 16] . The fate of SSCs is regulated by both paracrine and autocrine molecules [17, 18] . The study of SSC biology has been challenging due to two reasons: their small number in the testis (one in ~2000 cells in the mouse) and the complexity of the niche microenvironment [19] [20] [21] . A detailed understanding of the cellular and molecular mechanisms that 
regulate self-renewal, differentiation and reprogramming of SSCs to pluripotent ES-like cells is crucial for the future use of stem cells in regenerative medicine as well as in the development of new therapeutic targets for male infertility and testicular cancers. In the present review, we focus our efforts in summarizing the characteristics and the potential of SSCs, as well as in understanding the various signalling pathways that regulate SSC fate decisions and differentiation, with special focus on infertility and testicular cancers.
Spermatogonial stem cells
SSCs are responsible for continual sperm production throughout the most of a male's lifespan [9, [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] . SSCs are derived from more undifferentiated germ cells known as gonocytes, which in turn are derived from primordial germ cells (PGCs) [35] . The gonocytes proliferate to become spermatogonia. There are different types of spermatogonia in testes of all mammalian species. Some of these spermatogonia cycle regularly to maintain the spermatogonial population, and derive differentiating germ cells to maintain continuous spermatogenesis, whereas other spermatogonia remain quiescent under normal condition, but on gonadotoxic insult repopulate the empty seminiferous tubules [36] . Spermatogonia are heterogeneous subset of cells containing undifferentiated (stem cells) and differentiating cells [37] . It is estimated that ~35,000 SSCs exist in each adult mouse testis and are located in the most peripheral region of the seminiferous tubule [2, 19] and total about 330,000 undifferentiated spermatogonia are present [19] . In rodent, the spermatogonia are divided into three types: type A, intermediate and type B spermatogonia (Fig. 1B) , which enters meiosis to produce primary and secondary spermatocytes that undergo reduction of their DNA content, and become spermatids, which in turn are finally transformed into spermatozoa (Fig. 1B, C) [45] .
Fig. 1 Cellular events in mouse and human spermatogenesis. (A) Spermatogenesis starts with a small number of SSCs, which reside at the base of seminiferous tubules of the testes, which undergo self-renewal, proliferation and differentiation to produce sperm. A single SSC by self-renewing division can produce two stem cells and by asymmetric division they can produce one stem and one differentiating cells or undergo a symmetric cell division to produce two differentiating cells. (B). Schematic diagram showing stages of spermatogenesis in mouse and men. (C). Haematoxylin and eosin staining of mouse testis illustrates the typical structure of the testis showing the seminiferous tubules containing the germ cells and Sertoli cells. SSC: spermatogo-
Regulation of SSC maintenance and differentiation
To date, most of the works in SSC biology studies come from SSC transplantation and long-term cultures of SSCs as well as by mutant or knockout mice [25, 32, 34, 38, [46] [47] [48] [49] . Several genes are known to regulate the self-renewal of SSCs (Fig. 2-4 [65] . Recently, it has been reported that ubiquitin carboxy-terminal hydrolase 1 (UCH-L1) is expressed only in undifferentiated spermatogonia located at the basement membrane of seminiferous tubules [66] . Luo et al. [66] [66] . Luo et al. [66] are the first to provide direct evidence for existence of asymmetric division during SSCs self-renewal and differentiation in mammalian spermatogenesis.
Several genes are known to regulate the differentiation of SSCs (for references see [50] results in a dramatic reduction of Nanos3 [67] . It has been reported that Sohlh1 (germ cells-specific helix loop helix) and Sohlh2 transcription factors are essential in SSC differentiation [68] [69] [70] . Sohlh1 is expressed in mouse A1-A4, intermediate and B spermatogonia [68] and Sohlh2 is only expressed in differentiating A spermatogonia [69] . Loss of any of these two genes blocks differentiation, resulting in infertility. Sox3 is known to expressed in Aundiff spermatogonia [56] [73] . It has been shown that the gene encoding mouse cyclin A1, Ccna1, is highly expressed in late pachytene-diplotene spermatocytes and disruption of Ccna1 resulted in male infertility and complete spermatogenic arrest before first meiotic division (for references see [50] [74] . It has been shown that PLZF may regulate genes related to differentiation via epigenetic regulations because of PLZF interaction with polycomb group proteins and histone deacetylases [75] .
). Further, disrupted spermatogenesis in post-meiotic germ cells has been shown in mice lacking Msy2 (Y-box family of DNA-/RNA-binding proteins) and results in azoospermia
To maintain proper spermatogenesis, the communication between niche and SSCs is crucial and should be properly coordinated [76] . The specialized microenvironments known as stem cell niches regulate the behaviour of stem cells and its differentiating progeny [77] [78] [79] [81] . The upd gene directs GSCs to undergo self-renewal through the Mom/Hop/Stat92E pathway. [81] . In addition, centrosome positioning plays an important role in ensuring the correct mitotic spindle orientation [82] [86] .
. The current understanding of germline niches comes from the study of Drosophila gonads, where the maintenance of the germline stem cells (GSCs) depends on signals from a somatic cell, called the hub, which ensures the asymmetric division of stem cells, producing one cell to maintain the stem cell populations and a daughter cell that will differentiates [80]. At the tip of the Drosophila testes, GSCs and cyst progenitor cells (CPCs) contact each other and share common niches (known as a hub) to maintain spermatogenesis. There are five to nine GSCs and twice as many CPCs anchored around the hub. The Janus kinase (JAK)/signal transducer and activator of transcription (STAT) pathway is the major signalling pathway involved in stem cell maintenance in Drosophila testes. The hub cells, which function as a niche for stem cells, express a growth factor, Upd (unpaired), which acts as a short-range signal to activate the JAK/STAT pathway in GSCs
Stat92E then enters the nucleus to activate expression of genes that instruct the self-renewal of GSCs and CPCs
The process of spermatogenesis is regulated by a complex interaction of endocrine and paracrine signals (Fig. 3) (Fig. 3) [51, 87, 88] [89] . It has been demonstrated that GDNF production is also dependent on Fgf2, tumour necrosis factor ␣ (Tnf␣) and interleukin-1␤ (IL-1␤) in vitro [91] . Sertoli cells also produce SCF, and its receptor c-kit, which is expressed in Aal spermatogonia and is considered as marker of differentiation as they involved in transition of Aal to A1 spermatogonia [92] . SCF [96] . CD9 is a membrane protein, associated with integrins, has been shown to be a common marker for SSC in mouse and rat [7] , and are localized to cells on the basement membrane of the seminiferous tubules as well as in interstitial cells [7] . [97] and eventually up-regulates N-Myc expression and promotes SSCs proliferation [98] . It has also been reported that the Erk1/2 pathway can be activated by SCF in c-KIT expressing spermatogonia to stimulate their proliferation [99] . Interestingly [5] [6] [7] [8] .
In addition of using SSC transplantation with mice, with modifications it has been used in several other species, including rats, pigs and cattle [108] . There is a report of successful spermatogenesis obtained following human-to-rat and mouse transplantation [109] . Reis et al. [110] [85] . Recently, KanatsuShinohara et al. [112] [7, 10, 116, 117] [11, 12, 117, 119, 120] . Recently, it has been reported that knockdown of Trp53 and Pten independently result in significantly higher expression levels of the pluripotency-associated gene Nanog [121] . Further, Kuijk et al. [121] proposed that Trp53-and Pten-mediated repression is critical for the insulation of male germ cells from pluripotency [121] [122] . These studies suggest that SSCs represent a novel alternative source of pluripotent cells for use in human regenerative medicine.
observed the human to immunodeficient mouse testicular tissue transplantation, with no evidence of donor tissue survival. It has been found that human spermatogonia in mouse survived up to 6 months, but no meiotic activity was seen in donor tissues [100]. Mouse seminiferous tubules provide a favourable environment for germ cells from distant species to interact with its niche cells. Donor-derived spermatogenesis was observed when germ cells from hamster transplanted to mouse testes (for references see [38]). Izadyar et al. [111] reported the successful transplantation of bovine type A spermatogonia in recipient bulls that resulted in full spermatogenesis following autologus transplantation. SSC can be successfully cryopreserved for long periods with common techniques used for somatic cells [5]. There was a report in which successful transplantation after freezing the donor tissue for 156 days was observed (for references see [38]). Experimental data suggest that frozen thawed bovine SSCs can survive during cryopreservation and be maintained during co-culture with a feeder cell line, and influenced by GDNF [27]. Cryopreserved testis cells of dogs and rabbits can colonize the recipient mouse testis
. These reprogrammed SSCs cells were named, multipotent adult GSCs. Interestingly, SSCs show expression of all the genes (Oct4, Sox2, Klf4, Myc and Lin28) that are required for induction of pluripotency except for Nanog [9]. However, it has been shown that Nanog is important for PGC maturation during embryonic development [118]. It has been demonstrated that similar to ESCs, SSCs can grow in vitro on feeder cells in islands or clumps, and are positive for Oct 3/4 and alkaline phosphatase [10]. Further, it has been found that these ES-like SSC cells are positive for GPR125, which shows that the ES-like cells are of germ cell origin [10, 12]. Recently it has been demonstrated that ES-like cells can also be generated under culture conditions, which is known to support long-term proliferation of SSCs [119]. Further, it is found that these ES-like cells were able to generate teratomas on transplantation in recipient mice, and differentiate in vitro into derivatives of all three germ layers including neural, epithelial, osteogenic, myogenic, adipocyte, cardiomyocytes and pancreatic lineages
. It has also been found that similar to ESCs, ES-like cells of testis can generate TE when transplanted into immunodeficient mice raising the question of their potential clinical application. Gonzalez et al. [122] recently isolated a novel renewable stem cell population from the adult testes that has characteristics of MSCs, termed gonadal stem cells. They demonstrated that gonadal stem cells could be easily isolated and have similar growth kinetics, expansion rates, clonogenic capacity and differentiation potential as MSCs
SSC in infertility
It is estimated that about 80 million people worldwide are infertile and growing evidence from clinical and epidemiological studies suggest an increasing incidence of male reproductive problems [123] . Infertility has affected as many as 15% of couples worldwide and in about half of these infertile cases, male infertility is a factor [124] . Causes of male infertility includes failure in germ cell proliferation and differentiation, abnormal sperm production or function, impaired delivery of sperm, general health and lifestyle issues, as well as genetic and environmental factors (Fig. 5) [125] . Therefore, progress in reproductive biology is critical for future diagnosis and treatment of infertility [126] . In recent years, tremendous work has been done to understand the infertility problem. Around 500 mutant mouse models with specific reproductive abnormalities have been produced and many human association studies have been done [32] . However, with few exceptions, the translation of these basic findings to clinical practice remains to be seen. In men, oligozoospermia, asthenozoospermia, teratozoospermia and azoospermia are the main causes of infertility, and these account for 20-25% of cases [32] . [127] . Disruption of fibroblast growth factor receptors (FGFR)1 signalling, which is important in normal spermiogenesis and male fertility, resulted in depletion of sperm production and incapacitated sperm [128] . It has been shown that c-KIT-induced activation of the PI3K pathway is critical in male fertility because mutant males with loss of PI3K bind to c-KIT are sterile, which is due to complete disruption of spermatogonial proliferation and early differentiation [129] . [131] . Further (Fig. 5) [136, 137] . Many markers have been identified that can help in the outcome of SSC transplantation in restoration of male fertility [140] . Based on the above studies, clearly SSCs transplantation has the great clinical potential in regeneration of spermatogenesis and restoration of male fertility [140] . (Fig. 4) [143] . Various risk factors are associated with testicular tumours, such as cryptorchidism, prior testicular cancer, genetics, family history, infertility and environmental exposure, but the specific aetiology is not clear [144] . Walsh et al. [144] have reported that men with male factor infertility are nearly three times more likely to develop subsequent testicular cancer [144] . In addition, there is an association of infertility and testicular cancer at or beyond 2 years after therapy [145] . There are many genes and signalling pathways associated with testicular cancer [146] . Several genes express on 12p region and are known to overexpress in TGCT, including genes associated with stem cells [147] . Further, Korkola et al. [148] [148] . The cytogenetic analysis have shown that 12p gain as the most common change in TGCTs and involved in the early stages of germ cell tumorigenesis [149] . Gashaw et al. [150] [150] . It has been found that Krüppel-like factor 4 (KLF4) plays an important role in both iPS and ES cells. However, it has been shown that KLF4 does not express in normal spermatogonia [152] . In contrast, IGCN and SE cells strongly express KLF4. Godmann et al. [152] [153] [154] [155] [156] .
Spermatogenesis is mainly regulated by extrinsic and intrinsic signalling factors. It is known that abnormal expression of signalling molecules and the disruption of signalling pathways results in impaired spermatogenesis. Recent genetic studies show that abnormality of GDNF expression blocks sperm development and results in germ cell depletion [87]. It has been demonstrated that loss of BMP4 in mice results in degeneration of germ cells, reduced sperm counts, decreased sperm motility, and hence results in infertility
Thousands of genes are involved in spermatogenesis, and so far, only a small number of them have been identified and screened in infertile men. There is a report that lack of expression of Steel (Sl) factor on Sertoli cells in infertile Sl mutant mice prevent the differentiation of spermatogonia, which express c-KIT receptor that result in azoospermia [130]. A large number of genes have been shown to be up-regulated in mouse models of male infertility. It is reported that genetic ablation of SIRT1 (Sirtuins class-III NAD-dependent histone deacetylases) in the mouse leads to male infertility
SSC in testicular germ cell tumours
Other risks associated with survivors of TGCT include the risk of cardiovascular disease, reduced sexual function and a risk of a second malignancy following radiotherapy and chemotherapy. Recent developments in the cancer treatment, including high-dose chemotherapy
Fig. 4 A schematic representation of the development of normal spermatogenesis (top) and testicular germ cell tumorigeneis (bottom
There are several reports where alternation in expression of signalling molecules or pathways may result in an increased risk of testicular cancer. It has been shown that mice overexpressing GDNF develop malignant testicular cancer, which is similar to classic SE of human beings [157] and PI3K/Akt signalling pathway is associated to TGCT [158] . Further 
